Epstein-Barr virus-positive diffuse large B-cell lymphoma (EBV+DLBCL) is an aggressive malignancy that is largely resistant to current therapeutic regimens, and is an attractive target for immune-based therapies. Anti-programmed death-1 (PD-1) antibodies showed encouraging anti-tumor effects in both preclinical models and advanced solid and hematological malignancies, but its efficacy against EBV+DLBCL is unknown. Herein, we performed experiments using co-culture system with T cells and lymphoma cell lines including EBV+DLBCL and EBV-DLBCL [including germinal center B-cell like (GCB)-DLBCL and non-GCB-DLBCL] in vitro. We show that lymphoma cells augmented the expression of PD-1 on T cells, decreased the proliferation of T cells, and altered the secretion of multiple cytokines. However, through PD-1 blockade, these functions could be largely restored. Notbaly, the effect of PD-1 blockade on antitumor immunity was more effective in EBV+DLBCL than that in EBV-DLBCL in vitro. These results suggest that T-cell exhaustion and immune escape in microenvironment is one of the mechanisms underlying DLBCL; and PD-1 blockade could present as a efficacious immunotherapeutic treatment for EBV+DLBCL.
Introduction
The immune system plays an important role in the development of cancer [1, 2] including hematologic malignancies [3] . Epstein-Barr virus-associated diffuse large B-cell lymphoma (EBV+DLBCL) is an aggressive malignancy that is largely resistant to current therapeutic regimens and is an attractive target for immune-based therapies [4] . However, the efficacy of immune-targeted therapies in virus-related lymphomas has not been rigorously tested. Especially, the applicability of programmed death-1 (PD-1) blockade in the treatment of EBV +DLBCL has not been investigated so far.
PD-1 is a member of the B7 receptor family, which plays an important role in the regulation of immune response [5] . The PD-1 receptor, in conjunction with ligands PD-LI and PD-L2, regulates the immune response primarily by downregulating the signals of the T-cell receptor [3] . In inflammatory conditions (e.g., chronic infections), the sustained expression of PD-1 results in T-cell exhaustion and immune escape [6, 7] . Similarly, tumors have adopted this mechanism to escape the antitumor activity of tumor-infiltrating lymphocytes that are present in the microenvironment [8] . In the case of tumor, the chronic antigen exposure persistently elevated the level of PD-1 which results in the exhaustion of antigen-specific T cells. PD-1 is expressed by tumor-infiltrating lymphocytes in the microenvironment in several hematologic malignancies including follicular lymphoma (FL), DLBCL, and classical Hodgkin lymphoma (cHL) [9] [10] [11] . As a newly emerged mechanism of tumor evasion from the antitumor immune response, PD-1 blockade results in, as expected, the re-establishment of the immune antitumor response [12] . Treatment strategies that block the PD-1 pathway are currently under development and recent clinical trials have shown clinical responses in a variety of solid tumors and some hematologic malignancies. Correlative studies from recent clinical trials of the PD-1 pathway blockade in FL and DLBCL after autologous stem-cell transplantation have generated encouraging results [13, 14] , which support the inhibition of immune checkpoint as a therapeutic mechanism.
Compared to solid tumors, the spectrum of expression of PD-L1 in lymphomas is not so wide [15] . Among B-cell lymphomas, the expression of PD-L1 is essentially confined to a subset of the clinically important activated B-cell (ABC)/non-germinal-center B (non-GCB) subtype of DLBCL, EBV-positive and -negative post-transplantation lymphoproliferative disorders, and EBV-associated DLBCL [16] . Within these tumors, PD-L1 was generally overexpressed by malignant cells and tumor-infiltrating macrophages [17] . The status of receptors present on both tumor cells or stromal cell in the tumor microenvironment is worthy of more exploration in order to better select disease-specific application of the anti-PD-1 agents. Choosing the appropriate tumor types is crucial for proving the applicability of PD-1/PD-L1 blockade in the treatment of hematologic malignancies.
In this study, we for the first time show that the number of effector/memory T cells and PD-1-positive cells infiltrating the DLBCL (EBV+ and EBV-) is higher than their counterparts in the peripheral blood, indicating the immune inhibition or immune escape in tumor microenvironment of DLBCL including both EBV-positive and -negative DLBCL. After screening of a panel of cell lines and human primary tumor samples, we detect the expression of PD-L1 on EBV-positive cell lines, non-GCB (ABC)-DLBCL cell lines, primary EBV-positive DLBCL, and non-GCB (ABC)-DLBCL tissue specimens using flow cytometry. Using allogenic co-culture system, we further show that lymphoma cells augment the expression of PD-1 on T cells, decrease the proliferation of T cells, decrease the secretion of interleukin-2 (IL-2), interferongamma (IFN-γ), tumor necrosis factor-alpha (TNF-α), and IL-10 in the supernatant of coculture. Through PD-1 blockade, proliferation of T cells is increased, IL-2, IFN-γ, TNF-α, and IL-10 restored. We also find that the effects of PD-1 blockade on antitumor immunity are more effective in EBV+DLBCL than that in EBV-DLBCL, thus PD-1 blockade could restore immune escape resulting in more efficient T-cell exhaustion in EBV+DLBCL. These results suggest that PD-1 blockade presents a more efficacious immunotherapy to EBV+DLBCL. from B95-8 cultures, a EBV-transformed marmoset B-cell line, was added to parallel samples in the presence of cyclosporin A in RPMI 1640/20% FCS.
SU-DHL-4, SU-DHL-6, HBL-1, and OCI-Ly-10 DLBCL cell lines were gifts from Dr. Ronald Levy (Stanford University, Stanford, CA, USA). Raji and Daudi human Burkitt lymphoma (BL), Karpas 299 anaplastic large cell lymphoma (ALCL) and Jurkat T-cell lymphoblastic leukemia cell lines were obtained from the American Type Culture Collection (ATCC).
SU-DHL-4, HBL-1, LCL, Raji, Daudi, Karpas 299, and Jurkat cells were cultured in RPMI 1640 medium (Invitrogen, Carlsbad, CA, USA) plus 10% heat-inactivated fetal calf serum (FCS; Omega Scientific, Tarzana, CA, USA), 100 U/mL penicillin/streptomycin, and 2 mmol/L L-glutamine, at 37°C in 5% CO 2 . SU-DHL-6 cells were cultured in RPMI 1640 medium plus 20% FCS. OCI-Ly-10 cells were cultured in Iscove's Modified Dulbecco's Media(IMDM) complete medium plus 20% fresh human plasma (heparinized) instead of FCS.
Preparation of clinical samples
Matched human primary lymphoma specimens and peripheral blood (PB) (n = 27) including 8 GCB-DLBCL, 12 ABC-DLBCL, and 7 EBV+DLBCL (Table 1) were obtained from previously untreated patients with written informed consent according to the Declaration of Helsinki and the study protocol (KY2015-02) was approved by the Clinical Research Ethics Committee of The Cancer Hospital of Harbin Medical University (Harbin, China). PBMCs from healthy donors were used as controls (n = 15).
Diagnoses were made from biopsies taken from the primary tumors and cases were classified as DLBCL according to the WHO scheme for B-cell non-Hodgkin's lymphoma (NHL) [19] . Cases were then subcategorized as GCB or non-GCB according to the algorithm presented previously [20] . To determine the EBV status, EBV-encoded small nuclear RNA(EBER) (Leica Microsystems, UK) in situ hybridization (ISH) was performed on all the cases. To further determine the EBV latency types, LMP1(CS1-4, Dako, Germany), LMP2A (15F9, AbCam, UK), EBNA2(PE2, AbCam, UK) and EBNA3A(ab16126, Abcam, UK) were detected on EBER positive cases by immunohistochemistry (IHC), respectively. Primary lymphoma biopsy specimens from patients with DLBCL were gently minced over a wire mesh screen to obtain a signle cell suspension. Peripheral blood mononuclear cell (PBMC) was enriched from peripheral blood using Ficoll-Hypaque sedimentation (Sigma, St Louis, MO, USA). Cell suspension of lymph node (LN) and PBMC was either analyzed directly or cryopreserved in liquid nitrogen. For analysis, cryopreserved specimens were thawed quickly in a 37°C water bath and washed twice with warm RPMI complete medium before use.
Flow cytometry analysis
Monoclonal antibodies (mAbs) used to measure the expression of cell surface markers using flow cytometry included CD3, CD4, CD8, CD10, CD19, CD45RA, CD45RO, CD62L, PD-1, PD-L1, CTLA-4, and appropriate isotype controls. PD-1 antibody was purchased from Miltenyi Biotec (Bergisch Gladbach, Germany) and others were all from Becton Dickinson(BD) Biosciences (Mansfield, MS,USA) or BD Pharmagen (San Diego, CA,USA). Stained cells were analyzed using a BD FACS CantoII flow cytometer (BD Biosciences) with Diva software (BD Biosciences).
Allogeneic T-cell proliferation assay
T cells were enriched from whole blood obtained from healthy donors with informed consent, using positive selection with the CD3 microbeads (Miltenyi Biotec) according to the manufacturer's protocol. The cells were routinely analyzed using flow cytometry, and the purity of T populations was >96%. A portion of the enriched cells were labeled with 1 μM carboxyfluorescein succinimidyl ester (CFSE) (Sigma) for 12 min at 37°C then washed twice with phosphatebuffered saline. Another portion of unlabeled enriched cells was used for analyzing cytokine secretion. CFSE-labeled T cells (2x10 5 ) were cultured in RPMI complete medium at a 10:1 ratio with irradiated (3000 R) LCL cells or irradiated (3000 R) OCI-Ly-10 cells or irradiated (3000 R) SU-DHL-4 cells. Cells were fed every 2 days with a fresh medium containing 10 IU/mL IL-2 (Peprotech, Rocky Hill, NJ, USA). After 1 week, T cells were harvested, counted, and replated in quadruplicate with irradiated (3000 R) LCL, OCI-Ly-10, or SU-DHL-4 cells, respectively, at effector:target (E:T) ratio of 2:1 with 2x10 4 tumor cells per well in 96-well U-bottom plates with or without 10 μg/mL anti-PD-1 (J116) or immunoglobulin G1 (IgG1) isotype control mAbs (eBioscience, San Diego, CA, USA). On day 4, 10 μg/mL anti-PD-1 or IgG1 isotype control mAbs was replenished, cells were harvested after 16 h, stained with CD3 (BD Biosciences), and proliferation was analyzed using flow cytometer and software described earlier.
Cytokine analyses using cytometric bead array
For allogeneic experiments, enriched T cells unlabeled CFSE (2x10 5 ) were cultured in RPMI complete medium at a 10:1 ratio with irradiated (3000 R) LCL cells, or irradiated (3000 R) OCI-Ly-10 or irradiated (3000 R) SU-DHL-4 cells. Cells were fed every 2 days with a fresh medium containing 10 IU/mL IL-2 (Peprotech). After 1 week, T cells were harvested, counted, and replated in quadruplicate with irradiated (3000 R) LCL cells, OCI-Ly-10 cells or SU-DHL-4 cells, respectively, at E:T ratio of 2:1 with 2x10 4 tumor cells per well in 96-well U-bottom plates added phytohemagglutinin (PHA) at 2 μg/mL, with or without 10 μg/mL anti-PD-1 (J116) or IgG1 isotype control mAbs (eBioscience). Supernatants from each group were collected after 5 days of incubation and analyzed for IL-2, IL-4, IL-6, IFN-γ, IL-10, and TNF-α using flow cytometric bead array (CBA) Th1/Th2 cytokine kit (BD Pharmagen), and using a BD FACS CantoII flow cytometer (BD Biosciences) with Diva software (BD Biosciences). Data were analyzed using FCAP Array V3 software.
Statistical analysis
Data are presented as mean±standard deviation. SPSS 17.0 software and independent-sample t test or one-way analysis of variance were used for statistical analysis. P-value<0.05 was considered statistically significant( Ã P<0.05, ÃÃ P<0.01 and ÃÃÃ P<0.001).
Results

Characteristics of the study population
Characteristics of the study population (n = 27) were summarized in Table 1 . Based on the detectable level of EBER, 20 were EBER negative cases in which 8(40%) cases were classified into GCB subtype and 12 (60%) non-GCB(ABC) subtype according to IHC classification. Compared to EBV-negative DLBCL, patients with EBV-positive DLBCL had higher age (median, 67 versus 54 years) and a closer association with aggressive clinical features or parameters: 5(71%) patients older than 60, 5(71%) with performance status (PS) >1, 5(71%) with high level serum lactate dehydrogenase (LDH), 4(57%) with advanced stage (III-IV) at diagnosis, and 4(57%) with B symptoms. As a result, the International Prognostic Index (IPI) score for patients with EBV+DLBCL was significantly higher than that for patients with EBV-DLBCL, with 5(71%) of the EBV-positive group categorized in the IPI high intermediaterisk and high group. There was no statistical difference between two groups in the incidence of having more than one extranodal site and bone marrow involvement. These results were consistent with previous study [21, 22] , although the number of cases in this study was fewer.
Regarding the EBV latency status, among 7 EBER positive DLBCL, 5 cases were latency type III and 2 cases were latency type II/III. The expression of LMP1, LMP2A, EBNA2 and EBNA3A in EBV positive cases were summarized in S1 Table. It is well known that LCL is typical latency III, therefore we used LCL to simulate tumor cells of EBV+DLBCL in our following experiments.
PD-L1 is expressed by ALCL, EBV-positive cell lines, ABC (non-GCB) DLBCL cell lines but not by GCB-DLBCL cell lines
PD-1 is a receptor and its proper function involves ligands (i.e., PD-L1 and PD-L2). In order to find a suitable experimental model as well as experimental strategy to test PD-1 blockade as an immunotherapeutic method, we first screened a panel of human lymphoma cell lines for the expression of PD-L1 using flow cytometry (Table 2) . Representative histograms are shown in S1 Fig. Among DLBCL cell lines, ABC-DLBCL cell lines HBL-1 and OCI-Ly-10 were positive for PD-L1, whereas GCB-DLBCL cell lines (SU-DHL-4 and SU-DHL-6) were negative for PD-L1. Three types of EBV+LCL developed from patient with EBV+DLBCL, EBV-DLBCL, and healthy subject, respectively, were all positive for PD-L1, and there was no difference among different origins for the expression of PD-L1. ALCL cell line Karpas 299 and T-acute lymphoblastic leukaemia (T-ALL) cell line Jurkat were positive for PD-L1. Burkitt cell lines Daudi and Raji were negative for PD-L1.
PD-L1 is expressed by a subset of human primary DLBCLs
We next tested the human DLBCL tissue specimens for the expression of PD-L1. DLBCL was classified into GCB or non-GCB subtype based on immunohistochemical analysis of markers CD10, Bcl-6, and MUM-1, which correlate with cell origin subtypes as determined using gene expression profiling. Single-cell suspensions of 27 DLBCL, including 8 GCB-DLBCL, 12 ABC-DLBCL (non-GCB-DLBCL), and 7 EBV+DLBCL, were analyzed using flow cytometry. Expression of PD-L1 among these DLBCL was heterogeneous (Table 3) (Fig 1) . In addition, T cells in LN exhibited enhanced expression of PD-1 compared with counterparts in PB obtained from patients and healthy control subjects (Fig 2) . The ratio of Tem cells and the expression of PD-1 showed no significant difference in the subtypes of DLBCL.
To phenotypically characterize PD-1+ T cells, the surface markers on PD-1+ T cells were measured. Intratumoral PD-1+ T cells expressed high levels of CD45RO, indicating that the cells were memory T (Tm) cells. Most CD8+PD-1+ and some CD4+PD-1+ T cells expressed CTLA-4 (Fig 3) , indicating that PD-1+ T cells are exhausted T cells.
Tumor cells augment the expression of PD-1 in activated T cells
Based on the above results that tumor microenvironment T cells have elevated expression of PD-1, we reasoned that tumor cells might be the stimuli to upregulate PD-1 in T cells. We have previously established a B-LCL cell line from a patient with EBV+DLBCL, which could be used as a stimulating EBV+DLBCL tumor cells. To explore the expression of PD-1 in T cells after activation experimentally, we cultured T cells with or without PHA for 24 h and then analyzed the expression of PD-1 using FACS. The expression of PD-1 was at a low level (about 3.5% expression) on resting T cells. In contrast, a significant increases expression (about 35.2%) of this molecule was observed after T cells were activated (n = 4) (Fig 4) . To further analyze the effect of tumor cells on the expression of PD-1 by activated T cells, activated T cells were cocultured with B-LCL, OCI-Ly-10, and SU-DHL-4 overnight, respectively. Higher expression levels of PD-1 were found in the co-cultures as compared with activated T cells alone (n = 4). Moreover, activated T cells co-cultured with B-LCL and OCI-Ly-10 exerted higher expression of PD-1 than those co-cultured with SU-DHL-4 (Fig 4, and Table 6 ). As shown above 
PD-1 blockade restores T-cell proliferation more effectively in PD-L1-expressed DLBCL subtype
Considering that the expression of PD-1 was elevated on the T cells of the DLBCL tissues and the expression of PD-L1 was elevated in certian subtypes of DLBCL specimens (ABC-DLBCL and EBV+DLBCL) and cell lines, we speculated that disruption of PD-1/PD-L1 interaction might restore normal function of T cells. To stimulate the tumor microenvironment in vivo of DLBCL, allogeneic T cells from healthy donors were stimulated by irradiated B-LCL, OCI-Ly-10, or SU-DHL-4 in the ratio of 10:1 for a week, and co-culture experiments of activated T cells with B-LCL, OCI-Ly-10, and SU-DHL-4 were established, respectively. To investigate how this different expression of PD-L1 on B-LCL, OCI-Ly-10, and SU-DHL-4 would contribute to the effects of PD-1 blockade, proliferation experiment was performed using CFSE-labeled T cells as described [23] . As shown in Fig 5 and Table 7 , a significant inhibitory effect on T cells proliferation was identified and this inhibitory effect was significantly restored by the PD-1-blocking antibody, consistent with earlier reports [24] . However, we found that, surprisingly, PD-1 blockade restored the proliferation (% CFSE dim cells) of T cells more markedly in co-culture with B-LCL and OCI-Ly-10 than with SU-DHL-4 (Table 7) . Collectively, PD-1 blockade reestablished the proliferation activity of T cells more efficiently in EBV+DLBCL and ABC-DLBCL than in GCB-DLBCL.
PD-1 blockade has distinct effects on the production of cytokines in different subtypes of DLBCL Based on our above observation that PD-1 was upregulated on activated T cells after being exposed to tumor cells expressing ligand PD-L1, we hypothesized that the interactions of tumor cells and activated T cells could influence the production of cytokines, such as IL-2, IFN-γ, IL-10, and TNF-α. Thus, the cytokines in the tumor cell-T cell co-culture systems were determined in the presence or absence of PD-1 mAb to investigate whether blockade of PD-1 signaling influenced the production of those cytokines. Supernatants were collected from coculture systems for the analysis of cytokines using the CBA. Results showed that the production of cytokines in the co-culture systems was significantly altered after PD-1 blockade compared with those in the co-cultures without blockade (n = 4) (Fig 6 and S3 Fig) . Interestingly, blockade of PD-1 pathway in PD-L1+ cell (e.g., B-LCL, OCI-Ly-10)-T cell co-culture system produced more IL-2, IFN-γ, IL-10, and TNF-α, than those in PD-L1-SU-DHL-4-T cell co-culture system, indicating a more dramastic effect of PD-1 blockade in EBV+DLBCL.
Discussion
EBV-associated DLBCL is an aggressive malignancy that is largely resistant to current chemotherapeutic regimens. Given that its association with oncogenic virus, it is an attractive target for immune-based therapies. However, the efficacy of immune-targeted therapies in EBV- 
PD-1 Blockade Restore Functions of T-Cells in EBV+DLBCL In Vitro
associated DLBCL has not been well tested. In this study, we examined the effect of PD-1 blockade on antitumor immunity in lymphoma cells, and found that PD-1 blockade exerted high efficacy in EBV+DLBCL. Table 6 . The ratio of PD-1 expression (%) on resting T cells, T cells activated by PHA after 24h, T cells co-cultured by normal B cells, LCL, and SU-DHL-4 overnight. Activated T cells co-cultured with B-LCL and OCI-Ly-10 exerted higher expression of PD-1 than those co-cultured with SU-DHL-4. 
It's well established that PD-1 is a hallmark of chronically stimulated T cells during chronic infection or in the tumor microenvironment [25, 26] . High PD1 expression is associated with T-cell exhaustion; blockade of the PD1/PD-ligand pathway with antibodies against PD1, PD-L1, or both, augmented or restored the function of viral-infection-specific and tumour-specific CD4+ T cells and CD8+ T cells in mouse and human studies [24] . In patients with 
lymphoma, therapeutic agents targeting immune checkpoints are expected to enhance endogenous antitumor immune responses and therefore benefit patients with pre-existing antitumor immunity [27] . Consistently, the data from the present study demonstrated that the effector/ memory T cells were indeed expanded in DLBCL, indicative of existence of antitumor immunity in the microenvironment of DLBCL. In this study, we used FACS with combination of different markers (e.g, CD3, CD4, CD8, CD45RO, CTLA-4) to identify functional subtypes of T cells. Based on the augmented expression of PD-1 on CD4+ and CD8+ T cells, we found that these T cell populations were not only activated T cells but also exhausted T cells and memory T cells, as evidenced by the cell surface expressed of CD45RO and CTLA-4 (Fig 5) . These results suggest that exhausted T cells exist in DLBCL regardless of EBV status, and highlight the PD-1 pathway as a potential mechanism underlying tumor evasion from the antitumor immune response in DLBCL. The PD-1/PD-L1 pathway has been demonstrated in a broad spectrum of solid malignancies and hematologic malignancies including lymphomas and leukemia. PD-L1 overexpression in tumors is driven in part by chronic exposure to the pro-inflammatory cytokine IFN-γ and other inflammatory mediators [15, 28] . Expression of PD-L1 on tumor cells has been reported to be associated with poor prognosis in many tumor types, demonstrating that immune tolerance mediated by the PD-1/PD-L1 pathway has clinical significance [29] [30] [31] . Some virusassociated cancers(including EBV-associated lymphoma [32] ) were reported to induce PD-L1 expression [33] [34] [35] [36] , and it appears that infection-associated cancers could create an "immuneprivileged" milieu by up-regulating PD-L1. In lymphoma, PD-L1 expression is often driven by intrinsic genetic aberrations and disregulated signaling pathways within malignant cells. Furthermore, in Hodgkin lymphoma, chromosomal abnormalities of 9p24.1,a genomic region that includes CD274, PDCD1LG2 (encoding PD-L), and Janus kinase 2(JAK2), have been correlated with increased PD-L1 expression [37] . A subset of cHL is EBV positive, and aberrant signaling through EBV-encoded gene products provides alternative mechanisms to upregulate PD-L1 [32] . In a genetically annotated series of primary cHL, 9p24.1 amplification and EBVinfection were mutually exclusive [38] . Similarly, primary mediastinal large B-cell lymphoma (PMLBCLs) also show gains in 9p24.1 [37] . In EBV-transformed human B-cell lines (lymphoblastoid cell lines, LCLs), LMP-1 promotes both AP1-signaling and JAK-STAT signaling to activate the enhancer and promoter elements of CD274, respectively [32] . Extended chromosome 9p24.1 amplification also includes a JAK2 locus that increases protein expression and activity [39, 40] . In EBV-positive DLBCL, the virus maintains type II or type III latency program [41] , suggesting that LMP1-mediated signaling is likely to directly contribute to tumorigenesis and to the immune evasion signature. Collectively, the levels of PD-L1 expression on tumor cells vary broadly, and the underlying mechanisms of PD-L1 up-regulation in EBVassociated lymphoma has not been fully elucidated, although there are some previous studies.
Considering that the expression of PD-L1 is currently a determinant of the efficacy of PD-1 mono-antibody treatment, it would be crucial to study whether the low expression or even absence of PD-L1 expression is associated with less effective therapy (see below). We investigated the expression of PD-L1 among a panel of lymphoma cell lines and primary lymphoma specimens. Interestingly, we show that the expression of PD-L1 is confined to a subset of the EBV+DLBCL and non-GCB(ABC) of DLBCL using FACS. Our results are consistent with previous studies using Immunohistochemistry (IHC) [16] . Based on this expression pattern, we speculate that PD-1 blockade will exert differential effects on DLBCL subtypes. As expected, PD-1 blockade exerted high efficacy in EBV+DLBCL compared to EBV-DLBCL. Mechanistically, we show that EBV+LCL can engage PD-1+ T cells through its ligand PD-L1 expression, and further inhibit T-cell proliferation and production of cytokines. Thus, PD-1 blockade could restore, at least partially, the antitumor immunity of T-cells. To the best of our knowledge, this is the first study to analyze the effects of the PD-1 blockade on EBV+DLBCL.
Upregulation of PD-1 has contributed to the suppressive role of LCLs on T cells function through the interaction with PD-L1 on LCLs, suggesting a negative regulation on the proliferation of T cells and secretion of cytokines. Based on our screen on the expression of PD-L1 in different tumor cell lines as well as primary samples, it is conceivable that different subtypes of lymphoma cells will have distinct intrinsic ability of modulating T cells mediated immune response. This is confirmed experimentally by our data that PD-1 pathway blockade could largely restore the T cell proliferation and secretion of cytokines in PD-L1 expressing EBV +DLBCL and ABC-DLBCL versus PD-L1-negative EBV-DLBCL and GCB-DLBCL. This raises a strategy that in the future patients can be stratified based on the expression of PD-L1, and then selectively treated with PD-1 blockade. Further studies will be required to confirm whether PD-1 blockade results in similar effects in primary DLBCL specimens from lymph nodes or other extranodal sites of tumor. Notably, PD-L1 in tumor microenvironment may play a role in host immune suppression through expression by non-tumor cells. It has been reported that 38% of PD-L1-negative DLBCLs were infiltrated by PD-L1+histiocytes [16] . Therefore, further study is needed to investigate the relationship between PD-L1-expressed histiocytes and T cells. Alternatively, PD-1-positive T cells might also express other inhibitory receptors such as CTLA-4, TIM-3, LAG3, and BTLA [21, 42] , suggesting that blocking of PD-1 alone might not fully restore the function of antitumor T cells [43, 44] , consistent with our results. Targeting multiple pathways may present a more efficient way in reversing T-cell exhaustion, and thus enhance the endogenous antitumor T-cell responses and improve outcome in EBV+DLBCL. The combination of PD-1/PD-L1 blockade antibody with other immune-stimulatory agents such as vaccines [45] , Toll-like receptor ligands [46] , or lenalidomide [47] has been proposed.
Taken together, combined with other preclinical studies showing that PD-1 blockade might also enhance tumor responses to other forms of immunotherapy [48, 49] , we reveal that PD-1/ PD-L1 blockade presents a promising immunotherapeutic approach for EBV+DLBCL. These findings have clinical implications for designing personalized cancer immunotherapy to DLBCL. 
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